Analysing independent 1-yr data sets of 10 European superconducting gravimeters (SG) reveals statistically significant temporal variations of M2 tidal parameters. Both common short-term (<2 yr) and long-term (>2 yr) features are identified in all SG time-series but one. The averaged variations of the amplitude factor are about 0.2 . The path of load vector variations equivalent to the temporal changes of tidal parameters suggests the presence of an 8.85 yr modulation (lunar perigee). The tidal waves having the potential to modulate M2 with this period belong to the 3rd degree constituents. Their amplitude factors turn out to be much closer to body tide model predictions than that of the main 2nd degree M2, which indicates ocean loading for 3rd degree waves to be less prominent than for 2nd degree waves within the M2 group. These two different responses to the loading suggest that the observed modulation is more due to insufficient frequency resolution of limited time-series rather than to time variable loading. Presently, SG gravity time-series are still too short to prove if time variable loading processes are involved too as in case of the annual M2 modulation known to appear for analysis intervals of less than 1 yr. Whatever the variations are caused by, they provide the upper accuracy limit for earth model validation and permit estimating the temporal stability of SG scale factors and assessing the quality of gravity time-series.
I N T RO D U C T I O N
The amplitude factor and phase lag tidal parameters derived from gravity data are useful to validate or discriminate between different body tide models (e.g. Baker & Bos 2003; Ducarme et al. 2014) , provided the transfer function of the gravimeter is known with sufficient accuracy. The quality of ocean models, which are indispensable for correcting for the ocean load effects (e.g. Bos & Baker 2005) , is another limitation of the validation process. Nowadays, the scale factor of superconducting gravimeters (SGs) can be determined with a precision level better than 1 (e.g. Francis et al. 1998; Hinderer et al. 2007) . The instrumental time lag of the system can be determined with a precision of 0.01 s (Van Camp et al. 2000) . The SG amplitude factor is derived mostly from colocated absolute gravimeter observations. However, results of repeated calibration experiments can differ by more than 1 (e.g. Rosat et al. 2009; Meurers 2012; Virtanen et al. 2014) . Averaging over several experiments allows for determining a robust scale factor with error even below the 1 level (Rosat et al. 2009 , Virtanen et al. 2014 provided the SG scale factor remains stable. Seven experiments are required to ensure calibration accuracy at the 1 level with 99 per cent confidence (Van Camp et al. 2016) . Non-detected temporal changes of the gravimeter transfer function are basically reflected by temporal variations of tidal parameters, which, however, might be caused also by other reasons as discussed below. Analysing newer independent data sets of 1-yr coverage exhibits clearly temporal variations of the associated tidal parameters (e.g. Calvo et al. 2014; Meurers et al. 2014) . Calvo et al. (2014) investigated the time stability of spring and superconducting gravimeters by analysing very long gravity records. They did not find a clear correlation between time variations of amplitude factors while a preliminary analysis by Meurers et al. (2014) suggests that for M2 similar patterns can be identified at most of the SG sites.
Temporal variations of tidal parameters may have different causes:
(1) Calibration: Temporal instability of the gravimeter scale factor due to, for example, improper performance of the tilt compensation device or changes of electronics. However, it is unlikely that scale factor variations of different SG instruments, if present, occur such that they produce common variability in the tidal parameters.
(2) Pre-processing: Undetected offsets and/or spikes in the gravity data deteriorate the quality of the frequency spectra. In addition, excessively filling gaps by wrong model tides may explain anomalous features at a specific site within a specific period. Again, it is unlikely to find such features coherently appearing at different stations.
(3) Numerical artefacts due to insufficient frequency resolution in tidal analysis: Tidal analyses are always based on limited timeseries. Therefore, it is impossible to separate all constituents of the discrete tidal spectrum. Instead, the constituents are combined into groups assuming the tidal parameters being equal within a specific group. This concept fails if tidal parameters do not smoothly vary with frequency, for example in case of non-linear effects [e.g. Merriam 1995, see point (4)], or if 2nd and 3rd degree constituents with different response to ocean loading mix up. Variations in the tidal parameters have been studied for a long time (e.g. Chojnicki 1989; Dittfeld 1989 ) and turned out to be mainly caused by inseparable 3rd degree constituents within the tidal groups (Dittfeld 1991) . In addition, former results were clearly deteriorated by instrumental noise. In modern tidal analysis codes, this problem has been solved (Wenzel 1996) to large extent, namely for the response of the elastic Earth by introducing a priori amplitude factors from global models (e.g. Dehant 1987) for tidal waves of different degree and order. However, this procedure does not consider different response to ocean load within a group, if present. Fig. 1 presents the tidal spectrum of the Hartmann & Wenzel (1995a) tidal potential catalogue around the M2 group with amplitudes normalized to M2 taking the fully normalized Legendre polynomials for northern mid-latitudes into account (Hartmann & Wenzel 1995b) . When analysing 1-yr intervals we cannot separate reliably the constituents GAM2, MA2, MB2 and DLT2 from the main M2. However, this does not matter because the analysis interval of 1-yr is almost an integral multiple of their associated modulation periods (see Appendix A and modulation periods displayed in Fig. 1 ). Next to M2, some constituents exist with considerable amplitude, which are able to cause the 18.6 yr nodal modulation (2nd degree wave 255.545) as well as the lunar perigee modulation with periods of about 8.85 yr (3rd degree waves 255.455 and 255.655; Fig. 1 ). Details on the tidal waves with the largest amplitude in their group are reported in Appendix B showing also the degree of the tidal potential they stem from (Table B1) . Darwin symbols do not exist for the M2 satellites; therefore we make use of the Doodson arguments to discriminate additional wave groups on both sides of M2. In addition, Appendix B presents examples of how modulation effects can be generated in tidal analyses.
(4) Temporal variation of the ocean load: Based on tide gauge data around Great Britain, Baker & Alcock (1983) identified seasonal variations in the main tidal groups. Huess & Andersen (2001) investigated sea level variations in the North Sea based on altimetry data. They identified the seasonal M2 variation as caused by shallow water effects which modify the amplitudes of the constituents MA2 and MB2. Hydrodynamic modelling showed that a large part of this variation could be explained by meteorological forcing. Müller et al. (2014) studied the seasonal M2 variations globally by analysing ocean circulation and tide model simulation as well as observed satellite altimeter and tide-gauge data. For coastal regions of the North Sea they quantified the seasonal M2 variations ranging up to 0.05 m. Gräwe et al. (2014) interpret them as being caused by the thermal structure of the North Sea varying along the seasons. Tide gauge data obtained at marine coasts show significant trends or secular changes in the M2 water tide amplitude. They were proven to exist in the North Atlantic Sea (e.g. Cartwright 1972; Amin 1985; Müller 2011; Müller et al. 2011) as well as in other regions (e.g. Ray 2006; Woodworth 2010) . These findings suggest that temporal changes in the ocean loading pattern cannot be excluded.
(5) Tidal parameters predicted by global body tide models (e.g. Dehant et al. 1999 ) depend on the radial distribution of density and Lame's parameters within the entire Earth. Métivier & Conrad (2008) recently studied the role of lateral heterogeneities. In all Figure 1 . Tidal spectrum of the Hartmann & Wenzel (1995a) tidal potential catalogue next to the M2 group (left-hand side) and fine structure close to M2 (right-hand side). The top axis indicates the periods of the M2 modulation caused by constituents if they are not properly separated in tidal analysis. 2nd degree waves in black, 3rd degree waves in green, 4th and 5th degree in red. Beaumont & Berger (1974) show that tectonic processes associated with P-wave velocity changes can play an important role in modifying tidal radial displacement, tilt and strain above a spatially limited dilatant region. If such signals were strong enough to be seen in tidal gravity, they would be restricted to a limited area and not expected to be seen coherently at distant stations.
Thus, common features in the temporal evolution of tidal parameters for specific tidal constituents strongly suggest physical processes associated with time-varying loading or numerical issues like modulations related to the frequency resolution problem in tidal analysis. On the other hand, whatever the reasons are, investigation of tidal parameter variations is a suitable tool for evaluating the temporal stability of SG scale factors (Calvo et al. 2014 ) and for identifying disturbed observation periods. It is also a way to assess the accuracy limit of earth model validation under the optimum condition of perfectly calibrated instruments.
Here, we investigate temporal variations of tidal parameters observed at 10 European stations equipped with superconducting gravimeters (Table 1 VI and CO are the only sites occupied by the same SG. For more than 12 yr, the SG GWR C025 was installed in an underground laboratory in VI and moved to Conrad observatory (CO) 60 km SW of Vienna in autumn 2007. The SG sphere was kept levitated during transport. Consequently, only minor re-adjustment measures were required, among others because of the gravity difference between both sites. Numerous calibration experiments proved that the SG scale factor did not change significantly due to the transfer of the SG from VI to CO and its re-installation (Meurers 2012) , while the time lag changed actually by about 0.4 s. The BH time-series refers to two different SGs due to an instrumental upgrade in 2007.
Processing of the original 1 s SG data consists of calibration by the SG scale factor, degapping, destepping, despiking and decimation to 1 hr samples (e.g. Hinderer et al. 2007 ). This is a crucial process as wrong calibration parameters, hidden offsets or spikes deteriorate the entire spectrum and consequently the tidal analysis result. Gravity data of the stations MB, WA, VI, CO and PE were obtained directly from the operators while BH, MC, MO, ST and WE were processed by the International Centre for Earth Tides (ICET) and provided by the Information System and Data Centre (ISDC) of the German Research Centre for Geosciences-GFZ (http://isdc.gfz-potsdam.de/). In the first case, we can trust that all processing steps have been done based on best knowledge of the calibration history and technical issues causing offsets or other distortions.
T I DA L A N A LY S I S
Using the Hartmann & Wenzel (1995a) tidal potential catalogue, we analyse successive and overlapping intervals of 3 months and 1 yr by shifting the data window over the gravity time-series in steps of 15 and 30 d, respectively. Tidal parameters for groups combining inseparable constituents as well as the air pressure admittance factors in the diurnal and subdiurnal frequency bands are adjusted by applying ETERNA v3.4 (Wenzel 1996) (Taguchi et al. 2010) and NAO99 (Matsumoto et al. 2000) . Finally, we calculate the corrected tidal parameters for the M2 and O1 constituents at each SG station by averaging the results of the eight ocean models because the latter differ from model to model especially at locations in coastal areas (e.g. Habel & Meurers 2014) due to the limited spatial resolution of the models. We apply this correction step just routinely: we do not intend to validate body tide models in this paper.
Analysis on 3 months
Both the M2 amplitude factors and phases derived from the 3-months periods show a clear annual variation which disappears when analysing 1-yr intervals. This well-known phenomenon is due to anomalous amplitude factors of the MA2 and MB2 constituents within the M2-band as shown, for example for the Bay of Fundy and the east coast of North America (Merriam 1995) . If all constituents of a same degree had the same amplitude factor, no modulation would be observed (see Appendices A and B). In the frequency spectrum both the MA2 and MB2 constituents are close to M2 with a frequency difference of about 0.04107 deg hr -1 (Fig. 1 ). As they cannot be separated in the tidal analysis of 3-months intervals, an annual modulation of M2 appears (see also Appendix B). When the time-series is long enough for separating both constituents, their amplitude factors turn out to be significantly higher than expected (e.g. Meurers 2004 ). In Table 2 , this is shown for the SG time-series exceeding 10 yr. Table 3 . Amplitude and phase of the annual cycles adjusted to the M2 tidal parameters obtained from analysing successive 3-months periods, sorted as a function of the distance to the Atlantic Ocean. The modulation amplitude estimated by applying eq. (A1) on basis of the observed amplitude factors for the MA2 and MB2 tidal constituents (Table 2) is also presented as well as M2 ocean load amplitude (TPXO.7.2 ocean tide model). If 1-yr intervals are analysed, the annual modulation cancels out as expected (see also eq. A1). However, other short-term variations, if present, are smoothed out too. Therefore we adjust an annual cycle (T = 365.25 d) to the observed M2 tidal parameter at each station and subtract it from the corresponding 3-month time-series to look for short-term features as discussed in the next paragraph. Modulation amplitude and phase of the annual cycles are summarized in Table 3 . The amplitude of the M2 annual variation is strongest at MB and WA and gets smaller towards the mid-continental area. The closeby stations CO and VI (60 km apart) show almost the same cycle characteristics. Inserting the anomalous amplitude factors of MA2 and MB2 derived from tidal analysis (Table 2 ) into eq. (A1) (see Appendix A) allows for estimating the modulation amplitude of the annual cycles. They are added to Table 3 as well as the M2 load amplitude of the TPXO.7.2 ocean tide model and confirm that this modulation is due to anomalous behaviour of MA2/MB2. Note that the adjusted and estimated modulation amplitudes agree fairly well except of the stations closer to the Atlantic Ocean like MB, ST and WA. The correlation between the M2 TPXO.7.2 load amplitude and the estimated modulation amplitude is even stronger as shown in Fig. 3 . Fig. 4 presents the tidal parameters after subtracting the annual cycles from the 3-month time-series. Common long-term, but sometimes even very short-term features can be clearly identified on both the amplitudes and phases especially at neighbouring stations (e.g.
Removing the annual modulation of the 3 months analysis

MB-WA-ST, CO-PE-WE)
. This might be due to common forcing. In 2001 and around 2011, semi-annual modulation is visible coherently appearing at all stations and with similar amplitude at neighbouring stations (e.g. MB-WA-ST around 2011), but does not persist permanently. At MB, it appears with a recurrence period of 4-5 yr. Fig. 4 also displays the air pressure admittances at the SG stations valid in the diurnal and semidiurnal frequency band as adjusted together with the tidal parameters. The seasonal variation reported by Van Dam & Francis (1998) with low values in winter and high values in summer is well pronounced at VI and ST, but less at the others. There is no significant correlation between the temporal variation of admittances and residual amplitude factors or phases. The admittances do not correlate significantly either between the stations, except the pair WA-MB. A possible explanation is that both sites experience atmospheric perturbations approaching from the west in a same manner. The topography met by the meteorological front coming from the ocean is similar, while ST and BH are located in the Rhine valley, which the front meets after weakening on the Belgian Ardennes (and Vosges for ST).
Analysis on 1 year
The common long-term features in the tidal parameter variations are more clearly visible at all SG stations after analysing successive 1-yr intervals ( Table 3 ). Thin solid lines indicate the errors of the delta factors and phases. At BH a linear trend apparent in the amplitude factors (see Fig. 5 ) has been removed as well. Arbitrary offsets for clarity reasons. Same offsets for VI and CO.
Fig. 5 also presents the air pressure admittances at the SG stations. Neighbouring SGs at low altitude (MB, WA, ST and BH) show a fairly good correlation, at least during limited periods. This is especially convincing for MB-WA. For sites at higher altitude (e.g. WE, PE and CO) the correlation is weak even if station distances are moderate suggesting topographic effects to play an important role.
Because the single admittance concept is simplifying the real air pressure effect, we also analyse the data after a priori correction of the atmospheric effect on gravity based on global load calculations provided by the loading service at the University of Strasbourg (http://loading.u-strasbg.fr/GGP/). It includes atmospheric and induced oceanic loading and makes use of the ECMWF reanalysis (ERA interim) surface air pressure, assuming a barotropic ocean model forced by air pressure and winds (MOG2D, Carrère & Lyard 2003) . We select the 6 h resolution model as longer timeseries are available than for the 3 h resolution data set. The scatter of the temporal variations at all stations increases strongly. This is probably due to the insufficient correction of local air pressure effects by the global models. However, the main longterm features persist, and the stacking process reveals very similar variations as for the evaluation based on the single admittance concept (Fig. 6) . Therefore, we can exclude that atmospheric effects are responsible for the observed temporal variation of tidal parameter.
The variations of the amplitude factor are of the order of ±0.2 . This number sets (1) an upper accuracy limit for earth tide model validation based on 1-yr observation periods assuming perfectly calibrated gravimeters and perfect ocean models and (2) estimates the stability level of SG scale factors.
We can only speculate why Calvo et al. (2014) did not reveal common features in the M2 tidal parameter variations although they applied 1-yr analyses on most of our SG time-series as well. We suspect that their time-series were noisier as only one has been pre-processed by station operators. Only the latter have best knowledge of instrumentally induced distortions, offsets etc. deteriorating the frequency spectrum and are able to correct for them in an optimal way. For example, fig. 13 of Calvo et al. (2014) presents the temporal M2 variations for VI in detail. However, they do not match our findings at all. In our investigation, ST and WE, for example, reveal distortions in the time-series (see Fig. 5 ) that possibly would disappear if we had analysed data provided by the station operators. we may assume the load correction to be accurate or at least to exhibit the same errors at both stations. Therefore, considering both time-series as only one makes sense: the VI and CO time-series follow almost perfectly the average variations (stack) seen at the other SG sites. Fig. 5 also shows obvious trends for the SG at BH of unknown origin and problems with the time lag at ST and WE. This proves comparing the temporal tidal parameter variations to be a valuable tool for detecting calibration problems (scale factor or time lag).
Correspondence to temporal load vector variations
The observed tidal parameter variation can be formally translated into equivalent temporal changes of the load vector. Suppose A to be the amplitude of a specific tidal constituent, L the load vector predicted by the ocean load model, and δ th the theoretical amplitude factor. Assuming that the ocean model is correct and observed gravity is error-free, the observed tidal vector b obs can be decomposed into its in-phase and out-of-phase components (Fig. 7) :
where L i , L o denote the in-phase and out-of-phase components of the load vector, respectively. The relation to observed tidal parameters δ obs , κ obs is given by
If one can perfectly correct for ocean load L, the corrected tidal vector b corr and amplitude factor δ corr read as b corr = (δ th A, 0) δ corr = δ th corresponding to the body tide model with the residual vector X being the zero vector in this ideal case.
In case of a perturbed load vector 
The results for MB and ST based on the TPXO7.2 model (Egbert & Erofeeva 2002) are displayed in Fig. 8 . The path of the load vector perturbation ( L i , L o ) is similar at both sites and indicates a loop lasting over 8-9 yr. It is worth mentioning again that 3rd degree tidal constituents close to the main M2 wave (Fig. 1) are able to modulate M2 with this period. An explanation for the observed variation of tidal parameters could be time varying M2 load. The perturbations L i , L o would need to vary by less than ± 0.1 nms −2 at MB and ST corresponding to 1 of the load approximately. At VI (not shown here), it is even smaller (±0.05 nms −2 ) due to the larger distance to the Atlantic Ocean. This is consistent to the M2 amplitude factors, which are similar at MB and ST, but much lower at VI than at MB (see Table 2 ). Although variable loading may play a role, this could only be tested when time-series longer than 18.6 yr are available. Meanwhile, our preferred explanation is a dominating effect due to the 3rd degree tidal constituents close to the main M2 wave (Fig. 1) which are able to modulate M2 with this period. This hypothesis is tested in Section 4. experiences an apparent change in its scale factor, this station is not considered for stacking. Few other time-series (e.g. ST, WE) sometimes show obvious distortions either in the amplitude factor or in the phase presumably due to SG calibration or instrumental problems. These parts are excluded as well. We identify two time periods during which the stacked tidal parameter variation (black lines in Fig. 5 ) exceeds its rms (shaded areas in Fig. 5 ): 2000. 5-2007 and 2006-2010.5 . Obviously, the modulation is stronger at that time. Then we calculate the correlation coefficients between the M2 tidal parameters of all station pairs using data within the two selected periods only (1) and within the entire time-series (2) ( Table 4 ). Note that the correlation study makes sense only as long as the time-series of station pairs overlap sufficiently. Again, we do not consider BH and a few distorted parts in other time-series.
C O R R E L AT I O N A N A LY S I S O F T H E 1 2 -M O N T H T I M E -S E R I E S
We first calculate the correlation coefficient and then determine the probability that the null hypothesis of zero correlation has to be rejected. In the period between 2000.5 and 2007 positive correlation is found in 18 of 21 station pairs (86 per cent) for the amplitude factors while between 2006 and 2010.5 positive correlation is found in 16 of 20 station pairs (80 per cent) for the phases. For the complete time-series, a positive correlation >0.7 (coefficient of determination >0.5) is observed in 18 of 31 cases (58 per cent) for the amplitude factor and in 20 of 31 cases (65 per cent) for the phase variation. In general, MC shows the poorest fit than any other station, which is also visible in Fig. 5 . This might reflect Adriatic Sea effects to be less prominent at the other sites or Atlantic Ocean effects to be less prominent at MC. Disregarding MC thus increases the percentage of positive correlations of the whole time-series to 72 per cent (amplitude factor and phase). These statistically significant variations are due to the frequency resolution problem in tidal analysis and/or reflect a possible common forcing.
The correlation is stronger for the stations closer to the Atlantic Ocean (MB, WA and ST). To assess this quantitatively, we adjust a linear fit to the relation between the tidal parameter variation at each station and the stacking result. Fig. 9 plots the regression coefficients as a function of the minimum distance to the Atlantic Sea and North Sea/Baltic Sea, respectively. The regression coefficient increases clearly with decreasing distance to the Seacoast. For the 3-month analyses, this is even more pronounced as the annual modulation amplitude dominates over the long-term variations, but it makes the correlation analysis questionable . Interestingly, the same tendency exists for the annual cycle amplitude of the parameter based on 3-month tidal analyses (Table 3 ). The amplitude of both the annual and the long-term M2 modulation are stronger at stations closer to the Atlantic Sea because the amplitude of the ocean load vector increases with decreasing distance to the sea (see also Fig. 2 ).
F R E Q U E N C Y R E S O L U T I O N P RO B L E M O F T I DA L A N A LY S I S
As stated on point (3) of Section 1, temporal variations can be due to numerical artefacts. In tidal analyses we need to combine constituents into groups assuming equal tidal parameters within a group. However, this basic assumption is violated due to implicitly mixing constituents (1) with degree and order dependent response to elastic tidal deformation (2) and/or with different response to ocean load.
Modern tidal prediction and analysis codes like ETERNA (Wenzel 1996) or ET34-ANA-V50 (Schüller 2015) consider the a priori response of the Earth to constituents of different degree and order, derived from global solid, elastic Earth tide models. In addition, ET34-ANA-V50 (Schüller 2015 ) allows for collecting constituents of different degree and order in specific sub-groups provided the time-series is sufficiently long. ETERNA (Wenzel 1996) makes use of the Wahr-Dehant-Zschau (WDZ) body tide model (Dehant 1987) . However, it does not consider different response to loading, if present. Unfortunately, it is impossible to assess the loading effects directly, because no ocean load models exist for 3rd degree tidal waves. In Europe, observed 2nd degree M2 amplitude factors typically increase due to ocean loading by about 2.3 per cent with respect to those predicted by the Dehant-Defraigne-Wahr (DDW) body tide model (Dehant et al. 1999) . Ducarme (2012) investigated main lunar waves generated by the third degree tidal potential. He analysed long SG gravity time-series and found that the mean values of the 3rd degree waves 3MK2 and 3MO2 within the semi-diurnal frequency band are 0.3 per cent lower than those predicted by the DDW body tide model (Dehant et al. 1999) . This differs significantly from the 2.3 per cent experienced by the 2nd degree waves. Hence, as long as the time-series is not long enough to separate the 2nd and 3rd degree waves, the 3rd degree constituents as shown in Fig. 1 are expected to cause the M2 modulation. This is the case too for the 2nd degree waves but the effect is much reduced when using 1-yr series, as explained in Section 2.
Therefore, we investigate here the frequency resolution problem by analysing synthetic time-series at MB, ST and VI. We calculated DDW body tides predicted by ETERNA (Wenzel 1996) using the tidal potential catalogue by Hartmann & Wenzel (1995a) and added ocean load tides by applying the SPOTL package (Agnew 2012) based on the TPXO7.2 model. SPOTL uses loads for a smaller number of constituents and a smoothed admittance to compute a time series considering 342 constituents of the CTE tidal potential catalogue by Cartwright & Taylor (1971) and Cartwright & Edden (1973) . SPOTL does not include any 3rd degree tidal constituent, that is there is no loading for those waves in the synthetic time-series. In Table 5 we compare tidal analyses of observed and synthetic time-series at MB, ST and VI. The analysis separates the waves MA2 and MB2 within the M2 group, which are able to cause the annual modulation. Two 3rd degree wave groups (255.455 and 255.655 and 255.655 reported in Table 5 are close to the DDW body tide model prediction. The same holds true, within the error bars, for all stations with time-series long enough for applying this wave group separation (see Table 2 ). The amplitude factors of the 255.455 and 255.655 frequency bands next to M2 are similar almost everywhere. In order to check if the result is independent from the grouping, we also used the analysis code ET34-ANA-V50 by Schüller (2015) and collected higher potential degree constituents in subgroups: M2#3 contains all 3rd degree constituents within the M2 group, V31 and V32 those of order 1 and 2, respectively in all other diurnal and semi-diurnal groups (Table 5 ). The M2#3 amplitude factors match the DDW body tide model closely as well as the 3rd degree waves do within V31 and V32, except of ST which is probably due to the amplitude factor and phase distortion observed there. This proves that 3rd degree waves experience less ocean loading than 2nd degree components and agrees with the result obtained by Ducarme (2012) for the semi-diurnal wave groups 3MK2 and 3MO2 showing them comparable to O1 (less loading).
Note, that according to the Rayleigh criterion the observed timeseries are not long enough to separate 255.455 and 255.655 from M2. However, especially in least squares adjustment, the Rayleighcriterion is by far too pessimistic (Schüller 2015) . The analysis codes ETERNA (Wenzel 1996) and ET34-ANA-V50 (Schüller 2015) report the condition number as a criterion for numerical stability regarding the resolution. Based on the provided condition numbers the analysis result can be regarded as reliable.
Thus the requirement that all waves within the group have equal tidal parameters is not met, that is the assumption of tidal parameters being equal for all constituents within the M2 group is wrong, given that the 3rd degree constituents are not as influenced by the ocean loading effects as the 2nd degree waves. This causes M2 modulation effects when the waves cannot be separated from the M2 group as it is the case for 1-yr analyses. At least 18-yr analyses would be needed to suppress the modulation.
We perform consecutive tidal analyses of 1-yr data windows shifted over the synthetic time-series and compare the results with those of the observed data at MB, ST and VI (Fig. 10) . The M2 amplitude factors of the synthetic time-series (Fig. 10, light dashed  lines) reflect the same long-term (roughly 9-yr) modulation as those of the observed ones (Fig. 10, dark solid lines) at all stations. At ST, irregularities in the phase and in the amplitude factor are visible around the beginning and the end (see also Fig. 5) . Here, the temporal tidal parameter variations of the synthetic tides (Fig. 10, light Table 5 . Tidal analysis results for the synthetic tides and observed data for MB, ST and VI. Synthetic time-series: DDWi body tides + ocean load based on the TPXO7.2 model, calculated by SPOTL (Agnew 2012) . Last two columns indicate degree and order of the largest wave within a group.
ETERNAv3.4 ET34-ANA-V50
Ampl. Synthetic time-series (36 yr) Observed time-series time-series (Fig. 10 , orange solid line). Contrarily, the fit is almost perfect (Fig. 10 , red solid resp. light red dashed line) at VI, where only little distortions are present. Note also the almost perfect fit to the observed data at CO (especially for the amplitude factor) which again confirms the SG GWR C025 scale factor derived from calibration experiments at VI and CO (Meurers 2012 ) to be accurate on the level of a few 0.1 . These findings suggest that the temporal tidal parameter variations seen in the observed 1-yr time-series are most likely due to the frequency resolution problem induced by degree dependent response to ocean loading. However, because the modulation amplitudes are as small as 0.2 , they are detectable only in high quality gravity data.
In a second step, we first subtract the 3rd degree DDW body tides from the observed time-series at MB, ST and VI and then analyse consecutive 1-yr intervals (Fig. 10, dark dashed lines) . As expected, the 9-yr modulation disappears but the short-term modulations remain and show common features again. These modulations are probably caused by inseparable 2nd degree waves within the M2 group. If they could be separated from each other (as in extremely long time-series), they are expected to be associated with anomalous tidal parameters different from the main M2, similarly as it is the case for the MA2 and MB2 waves (Tables 2 and 5 ). Thus they are interpretable as temporal M2 load variation.
Accuracy limit of tidal parameter determination
Finally, we investigate the accuracy limit of tidal parameter determination due to the modulation effect as a function of the length of the analysis interval. For that purpose, we use synthetic tides at MB and analyse windows of increasing length shifted over the entire time-series in steps of 3 months. As expected, the scatter of M2 amplitude factors decreases with the interval length (Fig. 11 ) due to the time integration effect (see Appendix A). The envelope provides an estimate of the accuracy limit. Assuming a perfectly calibrated SG, the error due to the modulation effect is always smaller than about 0.3 even for intervals as short as 1 yr. The error never exceeds 0.1 for intervals equal or longer than 8 yr. A M2 phase bias of 0.005
• w.r.t. body tide models cannot be interpreted reliably if the interval length is smaller than 7 yr. On the other hand, amplitude factors derived from 3-month intervals may be biased by up to 0.6 . These results of course depend on the SG site because stronger ocean loading may increase the modulation effect as shown in Table 3 . They also set an upper accuracy limit for the scale factor determination of relative gravimeters if the latter are calibrated against a synthetic tide model (given it is perfect). If the calibration is done in the spectral domain, the resulting scale factor may be biased due to the M2 modulation.
S U M M A RY A N D C O N C L U S I O N S
We revealed common features in the temporal variation of M2 tidal parameters derived from 10 European SG gravity time-series. This was done by tidal analysis of successive 3-months and 1-yr intervals and shifting the analysis window over each SG time-series.
For the 3-months analyses, we adjusted annual cycles to the M2 modulation caused by the anomalous tidal parameters of the MA2, MB2 constituents. The modulation amplitudes agree fairly well with estimates based on the MA2, MB2 amplitude factors inferred from long (>1 yr) gravity time-series. They tend to increase with For the 1-yr analyses, we identified statistically significant temporal short-and long-term variations of tidal parameters, as large as 0.2 , by applying a stacking procedure. They turn out to appear coherently at most European SG stations, contrary to the results of Calvo et al. (2014) . Only Medicina (MC) close to the Adriatic Sea shows a different behaviour. We performed a correlation analysis using all station pairs to assess these findings quantitatively whereby a few distorted portions were excluded. For the complete time-series, a positive and statistically significant (>95 per cent level) correlation of >0.7 is observed in 58 per cent of all pairs for the amplitude factor and 65 per cent for the phase variation. When disregarding the MC station, positive correlation coefficients larger than 0.7 exist for 72 per cent of all station pairs for the amplitude factors and phases. We identified two periods (2000.5-2007 and 2006-2010.5) where the tidal parameter variations exceeded the stack error range, because the modulation due to the poor frequency resolution seems to be stronger at that time. For these selected time periods the correlation is even better (80-86 per cent). The variations get stronger with decreasing distance to the coastline of the Atlantic Ocean.
We applied two analysis procedures for considering the atmospheric effect differently: adjustment of a constant air pressure admittance factor derived from tidal analysis and subtraction of atmospheric load effects (MOG2D model, Carrère & Lyard (2003, http://loading.u-strasbg.fr/GGP/) before tidal analysis. They suggest that the tidal parameter variations are not caused by imperfect models of the atmospheric effects.
The following conclusions can be drawn:
(1) Comparison with synthetic tide models suggests the M2 tidal parameter variation to be caused by insufficient frequency resolution of limited time-series as 2nd and 3rd degree constituents within the M2 group respond differently to ocean loading. Therefore, we expect long-term modulation of the M2 tidal parameter in analyses of consecutive 1-yr intervals. The path of load vector increments equivalent to the temporal changes of tidal parameters reveals the presence of a roughly 9-yr modulation with load vector variations in the order of 1 . The load vector variations can be represented by M2-satellites with frequencies very close to the M2 frequency, which cannot be separated from M2 in 1-yr analyses. The modulation amplitude is as small as 0.2 but we could capture them in the investigated SG time-series. If the scale factor instability were larger, it would be very unlikely to observe common features in the tidal parameter variations of M2. This temporal stability justifies averaging the SG scale factors derived from repeated calibration experiments to increase the scale factor accuracy well below the 1 level (Van Camp et al. 2016) . The amplitude factors for different SGs scatter around the average variation (stack in Fig. 5 ) with a standard deviation smaller than 0.05 . Again, there is a clear tendency of increasing modulation amplitude with decreasing distance to the coastline.
(2) We cannot exclude that temporal variations of the ocean load contribute as well. The annual M2 modulation of 3-month analyses certainly reflects such seasonal load variations. However, our timeseries are still too short to prove reliably similar effects for the observed long-term modulation of the 1-yr analysis results.
(3) The observed variations impose an upper accuracy limit of about 0.2 for body tide model validation even for perfectly calibrated instruments as long as 1-yr time-series are used. The 0.1 error is never exceeded for intervals equal or longer than 8 yr. Earth body tide model validation should be based on long time-series being a multiple of 1-yr periods to mitigate the M2 tidal parameter modulation problem.
(4) The calibration of relative gravimeters based on tidal models (provided they are perfect) is limited to slightly less than 1 if 3-month periods are evaluated, or to about 0.5 for half-year periods.
(5) Finally, the analysis of temporal variations of tidal parameters and their comparison with other stations is an appropriate way to control the quality of the transfer function of the gravimeters and to identify disturbed portions of gravity time-series.
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A P P E N D I X A : M O D U L AT I O N A M P L I T U D E
Suppose two small tidal constituents with amplitudes B and C with equal frequency difference ω around the carrier wave with amplitude A and frequency ω. Supposing all waves being in phase at time t = 0 and having the same amplitude factor δ, the time variable gravityg(t) composed by these waves reads as: 
A P P E N D I X B : T I DA L C O N S T I T U E N T S N E X T T O M 2 A N D E X A M P L E S O F M 2 M O D U L AT I O N (1) Annual modulation of M2 by 2nd degree waves MA2, MB2
If the amplitude factors (and/or phases) of MA2, MB2 were the same as for main M2, modulation would never appear in tidal analyses, even when we do not separate them. MA2, MB2 are represented in the tidal catalogue and thus are modelled in the adjustment approach. Only if the tidal catalogue did not contain MA2, MB2, an annual modulation of the M2 amplitude factor would occur also in this case.
However, if their amplitude factors (and/or phases) differ from main M2, then an annual M2 modulation will appear as long as we do not separate MA2, MB2 from M2, except the analysis interval is an integer multiple of the modulation period (1 yr, see Appendix A).
(2) 2nd degree and 3rd degree waves mixing up within a wave group Let the amplitude factor of the body tide be 1.16 for 2nd degree waves and 1.07 for 3rd degree waves. If ocean load causes an increase by a same factor, for example 1.02 for both 2nd and 3rd degree waves, that is 1.16 increases to 1.1832 and 1.07 to 1.0914, then modulation of the M2 amplitude factor will never occur even if we do not separate 2nd and 3rd degree waves.
However, if ocean load causes an increase of the body tide amplitude factor only for 2nd degree waves but does almost not modify 3rd degree waves, then a modulation of the M2 amplitude factor will appear as long as we if we do not separate 2nd and 3rd degree waves. The analysis approach only considers the different elastic body tide response by a priori scaling based on the body tide model, which does not know ocean loading. When 3rd degree waves experience no or at least much less loading than 2nd degree waves, then they cause modulation, if they have considerable amplitudes in the tidal spectrum.
